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To create your abstract, type over the instructions in the template box below. Fonts or abstract dimensions should not be changed or altered. ---1. Introduction [2, 3] -Sigmatropic rearrangements are concerted symmetry allowed processes that proceed through a five-membered, sixelectron transition state with an envelope conformation. Stereoselective [2, 3] -sigmatropic rearrangements have found great utility in organic synthesis, 1 with their ability to form carbon-carbon bonds through well-defined and predictable transition states under often mild reaction conditions making them attractive for the synthesis of highly functionalised molecular building blocks. 2 In this context, the [2, 3] -rearrangement of allylic ammonium ylides leads to the formation of substituted α-amino acid derivatives. Initially investigated by Ollis, 3 only limited variants of this process that use a sub-stoichiometric amount of a catalyst in the formation of the reactive ylide have been explored to date. 1e The most common approach utilizes an intermediate metal carbenoid to generate the reactive ylide intermediate as shown by Doyle (Scheme 1a), 4 yet catalytic enantioselective variants have remained elusive.
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1b In 2011, Tambar and co-workers 5 reported an alternative strategy in the catalytic [2, 3] -rearrangements of allylic ammonium ylides through Pd-catalysed allylic substitution of allylic carbonates 5 with tertiary amino esters 4 and in situ rearrangement (Scheme 1b). This process generates functionalized α-amino esters 6 with high diastereocontrol but in racemic form. 5 Building upon this work, we demonstrated an isothiourea-promoted 6, 7 catalytic enantioselective [2, 3] rearrangement of allylic ammonium ylides, leading to a range of α-amino acid derivatives 8 bearing either N,N-dimethyl or cyclic-N-alkyl substituents (Scheme 1c). 8 This process allows for the synthesis of a variety of α-amino ester derivatives and the incorporation of pharmacological relevant amine motifs such as the morpholine unit, although the preparation of free α-amino esters was not possible as suitable N-substituents amenable to facile deprotection were not incorporated.
Scheme 1: Catalytic stereoselective [2,3]-rearrangements of allylic ammonium ylides
In this manuscript this limitation is addressed through the application of this methodology to N-substituents amenable to either mono-or bis-N-deprotection. At the onset of these investigations, the use of N, N-dibenzyl, N-methyl-N-allyl-, and N,N-diallyl substituents were considered to allow N-deprotection under standard laboratory conditions. Sweeney and Coldham have independently utilized N,N-diallyl groups in the synthesis of α-amino acids, via base mediated [2, 3] -rearrangement and subsequent N-deprotection. 9 Notable previous work by Tambar has shown that treatment of N-methyl-N-allyl amine 9 with cinnamyl carbonate 10 in the presence of Pd 2 (dba) 3 ·CHCl 3 , P(2-furyl) 3 and Cs 2 CO 3 gave ammonium ylide 11, bearing a stereogenic nitrogen. 5 [2, 3] -Rearrangement of ammonium ylide 11 proceeded through the N-cinnamyl unit and the N-allyl unit, resulting in non-chemoselective [2, 3] -rearrangement to give a 4:1 mixture of N-cinnamyl rearranged product 12 and N-allyl rearranged product 13 in a combined 78% yield (Scheme 2a). 5 We report herein that isothiourea-mediated catalysis of N,Ndiallyl allylic ammonium ylides proceeds chemoselectively, generating N,N-diallyl amino esters 15 with high diastereo-and enantiocontrol that can be readily bis-deprotected to generate free α-amino esters (Scheme 2b). Mono-N-allyl deprotection, followed by metathesis, leads to valuable piperidine building blocks.
Scheme 2:
Proposed chemoselective [2, 3] -rearrangement of N,N-diallyl allylic ammonium ylides.
Results and Discussion
Initial Studies and Optimisation
To avoid any potential chemoselectivity issues initial studies probed the use of N,N-dibenzyl substituents in the isothioureacatalysed [2, 3] -rearrangement methodology. Treatment of N,Ndibenzyl cinnamyl amine 16 with 4-nitrophenyl bromoacetate 17 resulted in no ammonium salt formation, presumably due to the sterically hindered N,N-dibenzyl substituent. To reduce the steric bulk around the N-substituent, an N-methyl-N-benzyl substitution was employed 18. While the corresponding ammonium salt could not be isolated, in situ ammonium salt formation and subsequent [2, 3] -rearrangement gave, after treatment with sodium methoxide, N-methyl-N-benzyl-α-amino ester 20 in good yield M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 3 (76%) but modest stereocontrol (80:20 dr, 76% ee). The modest stereocontrol is likely to be due to the formation of a stereogenic nitrogen within the presumed ammonium salt and (+)-BTM bound-diastereoisomeric ammonium ylides within the [2, 3] rearrangement step. Due to the low sterecontrol achieved with an unsymmetrical N,N-substituent, symmetrical N,N-diallyl substitution was investigated. Treatment of N,N-diallyl cinnamyl amine with 4-nitrophenyl bromoacetate 17 gave the corresponding quaternary ammonium salt 21 in 50% isolated yield (Scheme 3). Isothiourea-promoted rearrangement of 21, followed by addition of sodium ethoxide, resulted in chemoselective [2, 3] Determined by HPLC analysis on chiral stationary phase.
Scheme 3: Evaluation of alternative N-substituents.
Further optimisation was performed to improve the stereocontrol of the process (Table 1) . The requirement for the HOBt co-catalyst was examined, with rearrangement in the absence of HOBt resulting in reduced product yield and stereocontrol (81%, 89:11 dr, 76% ee, entry 2, table 1). The use of a stoichiometric amount of NBu 4 OPNP as an additive also resulted in a loss in both diastereo-and enantiocontrol (88:12 dr, 74% ee, entry 3). However, the use of stoichiometric HOBt as an additive resulted in a dramatic enhancement in enantiocontrol (82%, 94:6 dr, 97% ee, entry 4, table 1). In this process, we postulate that HOBt aids catalyst turnover from an acyl ammonium intermediate after [2, 3] -rearrangement, although the reason for enhanced enantiocontrol is not clear and is the subject of ongoing mechanistic investigations. These optimized conditions were taken forward to examine the substrate scope of the reaction. Notably this process could be readily performed on a reasonable laboratory scale without erosion of stereocontrol, with 479 mg (1.60 mmol) of ethyl ester 22 (76% isolated yield) being generated from 1.0 g of N,N-diallyl ammonium salt 21 (entry 5). The relative and absolute configuration within 22 was assigned by analogy to that previously unambiguously determined on an N,N-dimethyl substituted analogue. This configurational outcome is consistent with a Lewis base mediated mechanism involving enantioselective [2, 3] -rearrangement that occurs through a BTM-bound intermediate ylide 24 via an endotype pre-transition state assembly such as 25. In this arrangement the carbonyl oxygen preferentially adopts a coplanar and synorientation to the S atom within the isothiouronium ion, allowing a stabilizing electrostatic or non-bonding O-S interaction (n O to σ* C-S ). 10, 11 The stereodirecting C(2)-phenyl unit within BTM adopts a pseudoaxial position to minimize 1,2-steric interactions, with rearrangement occurring anti to this substituent. A π-cation interaction between the allylic C(3)-phenyl substituent and the acyl ammonium ion provides an additional interaction that is essential for high stereocontrol (Figure 1 ). 
Reaction Scope and N,N-diallyl deprotection
With these optimised conditions in hand, the scope of in situ nucleophilic derivatization was examined. The [2, 3] rearrangement of N,N-diallyl ammonium salt 21 could be derivatised in situ using pyrrolidine or LiAlH 4 to give amide 27 and amino-alcohol 28 respectively in excellent yield and stereocontrol (Scheme 4). However, using 100 mol% HOBt in the catalysis followed by derivatization with benzylamine to give 29, produced inseparable unidentified allyl-derived side products. However, the use of a catalytic amount of HOBt (20 mol %) allowed the isolation of benzyl amide 29 in excellent yield with good levels of stereocontrol (92:8 dr, 84% ee). With a range of N,N-diallyl ethyl esters in hand, efforts were turned to removal of the N,N-diallyl groups to synthesise a range of α-amino esters. Utilising the Pd-catalysed deallylation chemistry developed by Bernard and co-workers 12 treatment of 22 with Pd(dba) 2 (10 mol%), dppb (1,4 bis(diphenylphosphino)butane) (10 mol%) and thiosalicylic acid (5.0 equiv.) in THF at 60 °C followed by aq. 1 M HCl allowed facile isolation of the desired free amine 36 as its hydrochloride salt, 13 in excellent yield and without erosion of stereochemical purity, without the need for flash column chromatography. This was applied to a small range of N,N-diallyl rearrangement products 31-33 giving the desired deallylation products 37-39 in good to excellent yield without erosion of diastereo-or enantiopurity (Scheme 6). 14 The relative and absolute configurations of the bis-deallylated products was confirmed through derivatization of 36 to the known corresponding Nacetamide. 
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Application to piperidine synthesis
To further demonstrate the synthetic utility of this [2, 3] rearrangement process, it was postulated that a highly functionalised piperdine architecture could be accessed through selective mono-N-allyl deprotection, followed by ring-closing metathesis and hydrogenation. Piperidine core structures are ubiquitous among bioactive molecules, 16 with an analysis of launched drugs within the integrity database showing 320 registered drugs that contain piperidines. 17 For example, the piperidine motif is central to Merck's factor XIa inhibitor 40.
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To showcase the utility of this [2, 3] -rearrangement methodology we next targeted the preparation of the (2S,3S)-piperidine 2-carboxylate 41 that maps directly to this core structure. 
Scheme 7:
Mono-N-deallylation and synthesis of a target functionalized (2S,3S) piperidine motif.
Conclusions
The isothiourea-catalysed enantioselective [2, 3] rearrangement of N,N-diallyl cinnamic ammonium ylides proceeds chemoselectivity and with excellent enantioselectivity. The use of stoichiometric HOBt allowed excellent levels of diastereo-and enantiocontrol to be achieved (up to >95:5 dr, up to 97% ee). The substrate scope of this process has been examined across a small number of different aryl and nucleophile variations. The N,N-diallyl substituents can be readily removed to generate the parent free α-amino ester, and this methodology has been applied to the synthesis of a functionalised target piperdine motif.
Experimental Section
Reactions were performed in flame-dried glassware under an N 2 atmosphere unless otherwise stated. Anhydrous CH 2 20 Allylic Alcohols 4-nitrocinnamyl alcohol, 4-bromocinnamyl alcohol, 2-bromocinnamyl alcohol and 4-fluorocinnamyl alcohol were synthesised according to previously reported procedure. 6 Authentic racemic samples of the [2, 3] -rearrangement products 22, 27-29 and 31-34 were synthesised using (±)-BTM.
(E)-N,N-Dibenzyl-3-phenylprop-2-en-1-amine 16
A solution of N,N-dibenzylamine (6.1 mL, 31.7 mmol, 2.5 equiv.) in THF (12.5 mL) was treated dropwise with a solution of cinnamyl bromide (2.5 g, 12.7 mmol, 1.0 equiv.) in THF (26 mL) over 10 mins at rt. The resulting mixture for stirred for 16 h, aq. 1 M NaOH (30 mL) was added and the mixture stirred for a further 5 min, Et 2 O (30 mL) was then added, the layers separated and the aqueous layer extracted with Et 2 O (2 × 50 mL). The combined organic layers were washed with brine (50 mL) dried over M A N U S C R I P T
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Tetrahedron 6
MgSO 4 and concentrated in vacuo, the resulting residue was purified by flash column chromatography (5-20% EtOAc/PE) to give the title product as a yellow oil (4.23 g, quant., >98:2 E:Z); 1 H NMR (500 MHz, CDCl 3 ) δ H 3.24 (2H, dd, J 6.5, 1.5, C(1)H 2 ), 3.64 (4H, s, PhCH 2 ), 6.24-6.38 (1H, m, C(2)H), 6.54 (1H, d, J 16.0, C(3)H), 7.14-7.49 (15H, m, ArH); data consistent with literature.
(E)-N-Benzyl-N-methyl-3-phenylprop-2-en-1-amine 18
A solution of N-benzyl-N-methylamine (8.2 mL, 63.5 mmol, 2.5 equiv.) in THF (26 mL) was treated dropwise with a solution of cinnamyl bromide (5.0 g, 25.4 mmol, 1.0 equiv.) in THF (50 mL) over 10 mins at rt. The resulting mixture was stirred for a further 15 mins, aq. 1 M NaOH (50 mL) added and the mixture stirred for a further 5 min, Et 2 O (50 mL) was then added, the layers separated and the aqueous layer extracted with Et 2 O (2 × 50 mL). The combined organic layers were washed with brine (50 mL) dried over MgSO 4 and concentrated in vacuo, the resulting residue was purified by flash column chromatography (5-20% EtOAc/PE) to give the title product as an orange oil ( 
General Procedure A: Synthesis of N,N-diallylamines from Allylic Alcohols
A solution of allylic alcohol (1.0 equiv.) in Et 2 O (0.33 M) was cooled to 0 °C and treated with PBr 3 (0.4 equiv.) and stirred for 1 h, the reaction was quenched by the dropwise addition of aq. sat. NaHCO 3 (equal volume), the mixture was allowed to warm to rt. The layers were then separated, the aqueous layer extracted with Et 2 O (2 × equal volume), the combined organic layers washed with brine, dried over MgSO 4 and concentrated in vacuo. The residue was dissolved in THF (0.5 M) and added to N,Ndiallylamine (2.5 equiv.) in THF (2.5 M with respect to N,Ndiallylamine) via dropping funnel , upon completion the dropping funnel was rinsed with THF (half volume) and the reaction was stirred at rt for 15 min. The reaction was treated with aq. 1 M NaOH (equal volume) and stirred for 15 min, then Et 2 O (equal volume) was added, the layers separated and the aqueous layer extracted with Et 2 O (2 × equal volume). The combined organic layers were washed with brine, dried over MgSO 4 then concentrated in vacuo, N,N-diallyl allylic amines were used without further purification. 
General
(E)-N,N-diallyl-3-(2-bromophenyl)prop-2-en-1-amine 49
Following general procedure A, 2-bromocinnamyl alcohol (1.36 g, 6.37 mmol, 1.0 equiv.) was reacted with PBr 3 (240 µL, 2.55 mmol, 0.4 equiv.) in Et 2 O (20 mL), then with N,N-diallylamine (1.96 mL, 15.93 mmol, 2.5 equiv.) in THF (13 mL) to give the title product as a pale yellow oil (1.10 g, 59%) was used without further purification; υ max (film, cm N,N-Diallyl-N-(2-(4-nitrophenoxy)-2-oxoethyl) 
(E)-N,N-Diallyl-3-(4-bromophenyl)-N-(2-(4-nitrophenoxy)-2-oxoethyl)prop-2-en-1-ammonium bromide 54
Following general procedure B: ArC(3,5)H), 134.4 (C(3)ArC(1)), 140.2  (C(3)H), 145.7 (ArC(1)-O ) and stirred for a further 16 h, after which the corresponding nucleophile (2.0 -5.0 equiv.) was added and the reaction allowed to warm to rt and stirred for the time stated. The reaction was quenched with aq. 1 M NaOH (equal volume) and extracted with CH 2 Cl 2 (3 × equal volume). The combined organic layers were washed with aq. 1 M NaOH (2 × equal volume), brine (equal volume), dried over MgSO 4 and concentrated in vacuo. The residue was analysed by 1 H NMR to determine dr, then purified by flash column chromatography to give the rearranged product. (1) 
Ethyl (2S,3S)-2-(diallylamino)-3-phenylpent-4-enoate 22
Following general procedure C, (E)-N,N-diallyl-N-(2-(4-nitrophenoxy)-2-oxoethyl)-3-phenylprop
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Ethyl (2S,3S)-3-(2-bromophenyl)-2-(diallylamino)pent-4-enoate 33
Following general procedure C, (E)-N,N-diallyl-3- 
Ethyl (2S,3S)-2-(diallylamino)-3-(4-nitrophenyl)pent-4-enoate 32
Following general procedure C, (E)-N,N-diallyl-3-(4- 
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Tetrahedron 10 2980, 1724, 1518, 1343, 1155, 920, 854; 1 H NMR (500 MHz, CDCl 3 ) δ H 1.34 (3H, t, J 7.1, OCH 2 CH 3 ), 2.81 (2H, dd, J 14.4, 8.4
Ethyl (2S,3S)-2-(diallylamino)-3-(4-fluorophenyl)pent-4-enoate 31
Deallylation of Products
Ethyl (2S,3S)-2-amino-3-phenylpent-4-enoate hydrochloride 36
Following general procedure D, Pd(dba) 2 
Ethyl (2S,3S)-2-acetamido-3-phenylpent-4-enoate 55
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A solution of ethyl (2S,3S)-2-amino-3-phenylpent-4-enoate hydrochloride (276 mg, 1.08 mmol, 1.0 equiv.) in dry CH 2 Cl 2 (6 mL) was treated with Et 3 N (300 µL, 2.15 mmol, 2.0 equiv.) and acetic anhydride (200 µL, 2.12 mmol, 2.0 equiv.) and stirred for 16 h at room temperature. The reaction mixture was then diluted by the addition of EtOAc (50 mL). The resulting solution was washed with brine (20 mL), dried over MgSO 4 ArC(3,5)H), 134.6 (C(4)H) , 146.4 (ArC (1) 
Ethyl (2S,3S)-3-(2-bromophenyl)-2-((tertbutoxycarbonyl)amino)pent-4-enoate 56
Following general procedure D ethyl (2S,3S)-2-amino-3-(2-bromophenyl)pent-4-enoate hydrochloride (48 mg, 0.14 mmol, 1.0 equiv.), NEt 3 23 (3H, J 7.1, OCH 2 CH 3 ), 1.40 (9H, s, C(CH 3 ) 3 ),  3.79 (1H, t, J 7.5, C(3)H), 4.14 (2H, qd, J 7.1, 1.1, OCH 2 CH 3 
Ethyl (2S,3S)-2-(allylamino)-3-phenylpent-4-enoate 42
A flame dried two-necked flask was charged with Pd(dba) 2 (58 mg, 0.1 mmol, 0.1 equiv.), dppb (43 mg, 0.1 mmol, 0.1 equiv.) and thiosalicylic acid (184 mg, 1.2 mmol, 1.2 equiv.). A solution of ethyl (2S,3S)-2-(diallylamino)-3-phenylpent-4-enoate (300 mg, 1.0 mmol, 1.0 equiv.) in degassed THF (10 mL) was added via syringe. The resulting solution was heated at reflux for 16 h, once complete the reaction was cooled to rt and treated with aq. 1 M HCl (20 mL) and EtOAc (20 mL). The layer separated and the organic layer extracted with aq. 1 M HCl (2 × 20 mL). The combined aqueous layers were basified to ~pH 14 with aq. 2 M NaOH, then extracted with EtOAc (5 × 30 mL), the organics combined, washed with brine (50 mL), dried over MgSO 4 
Ethyl (2S,3S)-2-(allyl(benzyl)amino)-3-phenylpent-4-enoate 43
A solution of ethyl (2S,3S)-2-(allylamino)-3-phenylpent-4-enoate (202 mg, 0.78 mmol, 1.0 equiv.) in MeCN (11.2 mL), was treated with K 2 CO 3 (215 mg, 1.56 mmol, 2.0 equiv.), KI (26 mg, 0.156 mmol, 0.2 equiv.), and benzyl bromide (140 µL, 1.17 mmol, 1.5 equiv.), the resulting solution was heated at reflux for 16 h. Once complete the reaction was cooled to rt, and aq. 1 M NaOH (20 mL) and CH 2 Cl 2 (20 mL) added, the layers separated and the aqueous layer extracted with CH 2 Cl 2 (2 × 20 mL). The combined organic layers were washed with brine (50 mL), dried over MgSO 4 ,3S)-1-benzyl-3-phenyl-1,2,3,6-tetrahydropyridine- 
Ethyl (2S
2-carboxylate 44
A two-neck flask equipped with a reflux condenser with charged with p-TsOH (191 mg, 1.01 mmol, 1.5 equiv.) followed by a solution of ethyl (2S,3S)-2-(allyl(benzyl)amino)-3-phenylpent-4-enoate (233 mg, 0.67 mmol, 1.0 equiv., 94:6 dr) in degassed PhMe (67 mL), the solution was heated to 80 °C and stirred until full dissolution. After which the reaction was treated with Hoveyda-Grubbs 2 nd generation catalyst (21 mg, 0.034 mmol, 5 mol%) and the reaction mixture stirred at 80 °C for 16 h. Once complete by TLC, the reaction was cooled to rt and concentrated in vacuo, CH 2 Cl 2 (50 mL) and aq. 1 M NaOH (50 mL) were added the layers separated and the aqueous layer extracted with CH 2 Cl 2 (2 × 50 mL). The combined organic layers were washed with brine (50 mL) dried over MgSO 4 and concentrated in vacuo. ArC(4)H) 
Ethyl (2S,3S)-3-phenylpiperidine-2-carboxylate 45
